The present utility of nuclear magnetic resonance (NMR) spectroscopy in chemical analysis and magnetic resonance imaging (MRI) in the clinicalenvironment has made this technology commonplace in the chemical industry, clinical medicine, and academic research. The attributes of nuclear magnetism that make the technique especially powerful in biology are discussed. This paper reviews the uses of NMR and MRI, with an emphasis on spatially resolved applications. These applications include imaging, localized spectroscopy, flow sensing, and diffusion mapping from using magnetic-field gradients. The limitsof spatially resolved NMR and imaging will be examined in terms of both scientific principles and engineering practice. Block diagrams of both imaging and spectroscopy apparatus are presented and technical requirements of the critical components are discussed. Developing trends in sensing probes, magnets, and applications are highlighted.
Noninvasive Imaging and Spectroscopy-Broad Applicationsof Magnetic Resonance

Philip A. flornung and Norbert Schuff
The present utility of nuclear magnetic resonance (NMR) spectroscopy in chemical analysis and magnetic resonance imaging (MRI) in the clinicalenvironment has made this technology commonplace in the chemical industry, clinical medicine, and academic research. The attributes of nuclear magnetism that make the technique especially powerful in biology are discussed. This paper reviews the uses of NMR and MRI, with an emphasis on spatially resolved applications. These applications include imaging, localized spectroscopy, flow sensing, and diffusion mapping from using magnetic-field gradients. The limitsof spatially resolved NMR and imaging will be examined in terms of both scientific principles and engineering practice. Block diagrams of both imaging and spectroscopy apparatus are presented and technical requirements of the critical components are discussed. Developing trends in sensing probes, magnets, and applications are highlighted.
Additional Keyphras.a: nuclear magnetic resonance . magnetic resonance Imaging
Nuclear magnetic resonance (NMR) spectroscopy and magnetic resonance imaging (MRI) are significant technologies in physics, chemistry, and medicine.1 Since the discovery of NMR in 1946, these resonance techniques have been widely explored. The best known applications are chemical analysis, made possible by detecting chemical shift spectra, and MRI, made possible by the application of magnetic-field gradients. Even within these two well-known areas, innovation continues at a rapid pace. Here we shall explore the factors that make NIfR so valuable for clinical use and those that limit its applicability. Finally, we will attempt to show some of the directions in which NMR will be relevant clinically.
Fundamentals
An NMR signal arises from transitions between energy levels of nuclear spins generated by the interaction of those spins with magnetic fields. The frequency of resonance depends on the isotope present in the sample and the strength of magnetic field at the nuclear site. For a given nuclear species, the frequency is proportional to the applied magnetic field. Less Although the preceding information skips many details, several common volumetric imaging methods may be described. The most common imaging techniques use a three-step process. First, a tailored pulse is used with a gradient to excite a slice. A phase-encoded pulse is applied to encode a second dimension, and the signal is acquired during a gradient pulse along the third-dimension frequency encoding that dimension. The process is repeated with different phase-encoded amplitudes until a slice is completely imaged. Alternatively, phase encoding along two dimensions and frequency encoding along a third gives a three-dimensional image that may 
Factors Affecting Resolution and Sensitivity
The first and most significant factor setting limits on the sensitivity and resolution of magnetic resonance is the same factor that makes the technique valuable, that is, the low energy of the nuclear spins. The response of the magnetic moment of the nuclear spins to if irradiation is the quantity detected by the apparatus. Taking the favorable case of hydrogen in a 2.4-T magnet, the net magnetic moment of the spin is at least 10 spins per million.
Because the nuclear-spin energy is small com- ning techniques improve the speed of acquisition but decrease the sensitivity by spreading the signal over many more elements. Additionally, the signal-to-noise ratio is scaled by the relative sizes of the if detection coils and the sample, largely a geometric effect. Therefore, an effective spatial dynamic range exists from the if detector to the minimum measurable voxel. For example, for a 1-m detector, about the best one could achieve is several millimeters. To improve this situation, special designs are used to improve the geometry by enclosing the volume of interest, e.g., a dedicated head coil. When this is not feasible, the detection coil may be placed on the surface of the area of interest to further improve the signal-to-noise ratio and therefore the spatial resolution.
Gradient Strength and Resolution
The most discussedlimit of resolution is the gradient strength. Certainly, it may be a practical design limit. To resolve a given size x, a gradient G that causes a frequency spread larger than any magnetic disturbance iB must be applied:
The broadening B may be from an overall static field inhomogeneity, from chemical shifts, or from natural line widths. Figure 5 shows the effective resolution for a given iB with two different gradients, Gi and G2. The more intense gradient gives the better resolution as seen by the smaller distance ix. Chemical-shift effects are coherent and so may be eliminated as a resolution limit by clever experimental design. More-intense gradients also speed acquisitions by spreading the frequencies in the object. In the usual Fourier sense, this implies that the data must be acquired faster in less time.
Systematic Effects
Two systematic effects limit MRI. First, when a gradient pulse is applied, electric currents are generated in any surrounding conductive structures. These currents fractionally reduce the desired gradient pulse as they decay. Often, these currents persist into the time scale of the experiment. The common approach to this problem is to compensate for the eddy currents by matching the As the understanding of NMR phenomena becomes more general and the instrumentation more sophisticated, we may expect to see novel and important instruments for a wide variety of clinical applications.
